The basic medium consists of Eagle's medium (Grand Island Biological Co., GIBCO) containing by volume, 5% bovine serum albumin (ICN Nutritional Biochemicals, 4X crystallized, 70 mg/ml dissolved in Simms' balanced salt solution, and neutralized with 1 N NaOH to pK 7); 1% insulin-hydrochloride prepared from Zn-insulin (3) (Sigma Chemical Co.) and dissolved in water at a concentration of 0.5 mg/ml; 1% somatotropin (Sigma, 1.0 units/mg) dissolved in 0.1 M potassium phosphate buffer (pH 8.0); 1% glutamine (200 mM, GIBCO); and 1% penicillin-streptomycin-fungizone (1OOX, GIBCO). Solutions were sterilized by passage through 0.22-,u Millipore filters (Millipore Filter Corp.). The isolation of cells from breast muscle of 11-day chick embryo has been described (2). Cell cultures were maintained in Leighton tubes containing 1 ml of medium that was inoculated with 106 cells and incubated at 370. The culture medium was replaced daily.
Myogenesis of striated muscle in vitro requires a complex chemical environment (1) . The usual medium that has been used in various laboratories consists of a chemically defined nutritive medium such as Eagle's minimal essential medium, animal serum (e.g., chicken, calf, or horse), and embryo extract in various proportions. Previously, we have reported that the requirement for serum can be satisfied by insulin (2) . In this communication, we wish to elaborate upon observations on the nature of the embryo-extract component. It was found that there are at least two active factors: in the presence of insulin one factor promotes the fusion of myoblasts to form globular syncytial structures; the second factor promotes the formation of the myotubular (fiber) structure. When the second factor is added to the globular structures, myotubes grow out from them.
MATERIALS AND METHODS
The basic medium consists of Eagle's medium (Grand Island Biological Co., GIBCO) containing by volume, 5% bovine serum albumin (ICN Nutritional Biochemicals, 4X crystallized, 70 mg/ml dissolved in Simms' balanced salt solution, and neutralized with 1 N NaOH to pK 7); 1% insulin-hydrochloride prepared from Zn-insulin (3) (Sigma Chemical Co.) and dissolved in water at a concentration of 0.5 mg/ml; 1% somatotropin (Sigma, 1.0 units/mg) dissolved in 0.1 M potassium phosphate buffer (pH 8.0); 1% glutamine (200 mM, GIBCO); and 1% penicillin-streptomycin-fungizone (1OOX, GIBCO). Solutions were sterilized by passage through 0.22-,u Millipore filters (Millipore Filter Corp.).
The isolation of cells from breast muscle of 11-day chick embryo has been described (2) . Cell cultures were maintained in Leighton tubes containing 1 ml of medium that was inoculated with 106 cells and incubated at 370. The culture medium was replaced daily.
Isolation of Factors from Embryo Extract. Whole 11-day embryos of White Leghorn chicken were pressed through a 50-ml syringe, and to this extract an equal volume of Simms' balanced salt solution was added. The mixture was kept at room temperature for 2 hr, frozen, and stored at -20°for up to 3 months. When desired, the mixture was thawed and 1131 centrifuged at 1470 X g for 10 min at 5°. The supernatant fluid was then removed and treated by the procedure of Sevag et al. (4) with an equal volume of chloroform containing 1.25% isoamyl alcohol in a Virtis "45" homogenizer at a rheostat setting of 6 for 2 min. The stainless steel cup (50 ml) used for homogenization was kept in ice. This mixture was then centrifuged at 2-4°in heavy-walledwglass tubes in a Sorvall refrigerated centrifuge at 12,000 X g for 10 min. The aqueous layer was then siphoned out and neutralized with 1 N HCl, and the procedure was repeated. The second aqueous layer was again neutralized, and then lyophilized to dryness overnight. The dry powder obtained was dissolved in water in one half the original volume, neutralized with 1 N HCl, and centrifuged as above.
For the separation of the factors, 5 ml of this preparation was centrifuged through a 50,000 molecular weight cut-off membrane cone (Amicon Corp.) at 5°in a horizontal rotor at 400 X g. Most of the liquid passes through the cone after centrifugation for 2 hr with about 0.2 ml remaining in the cone. The solution that filters through (filterable factor or myotube-forming factor) is collected and stored frozen. The nonfilterable fraction (nonfilterable factor or fusion factor) is then diluted to the original volume with Eagle's medium, mixed well with a Pasteur pipette, neutralized by gassing with 5% CO2-95% air, and stored frozen. These fractions, as well as the unfractionated, partially purified embryo factors, were tested alone and in combination at 10% by volume in the basic medium described above. Cultures were maintained for 2 days or longer, and photographed with a Wilde dissecting microscope or a Nikon inverted microscope. Stock media were kept at 40 and neutralized when necessary by gassing with 5% C02-95% air.
Ultrastructural Analysis. Tissues were fixed for 15 hr at room temperature in buffered glutaraldehyde (5), rinsed in buffer containing 10% sucrose, postfixed for 1 hr at 40 with 1% OS04 in 0.1 M sodium cacodylate buffer (pH 7.2), and then dehydrated through a graded series of ethanol concentrations, after which they were imbedded in Araldite. The Araldite blocks were removed from the Leighton tubes by breaking the glass in hot water after the tubes had been immersed in a dry ice-acetone bath. Sections 60-80 nm (600-800 A) thick were prepared with an LKB ultramicrotome. The sections were stained for 30 min in 7% aqueous uranyl acetate, followed by staining in Reynold's lead citrate for 5 min. The grids were examined with an RCA EMU-3C electron microscope.
These photomicrographs illustrate the differentiation of breast-muscle myoblasts from 11-day chick embryos in vitro under various conditions of culture.
FIG. 1. Culture in control medium consisting of Eagle's medium, the purified embryo factors, insulin, and somatotropin (for details see Methods). X)50. Fig. 1 Ci/mmol, Schwarz-Mann). Chondrocytes were further cultured for two more days. At this time the cells were scraped off with a rubber policeman and trypsinized for 3-5 min in 0.5% trypsin (GIBCO) in Simms' balanced salt solution without Ca-Mg. Cells were then washed twice with Simms' solution by centrifugation and counted.
FIG. 2. As in

RESULTS
As seen in Fig. 1 , in the presence of insulin, the purified embryo factors promote extensive myotube formation. In the absence of insulin, there is a small amount of fusion (7). As described under Methods, fractionation of the purified embryo factors by membrane filtration yields a filterable and a nonfilterable fraction. Figs. 2 and 3 illustrate the results of culturing myoblasts in the presence of insulin and nonfilterable factor for 2 and 3 days, respectively. The surface of these globules presents an irregular appearance on day 2 of culture that is due to cells being in an aggregated state. By the third day of culture and thereafter their surface becomes smooth in part (Fig. 3, arrows) , indicating that cells have fused into a syncytium. These smooth areas can be observed to contract spontaneously. That these globular structures can be transformed into myotubes was demonstrated by the experiments documented in Figs. 4 and 5. These tissues were all globular at the time they were fed a medium containing filterable factor and insulin, without nonfilterable factor. It can be seen that within 2 days of culture myotubular projections developed (Fig. 4) . Fig. 5 clearly indicates that these myotubes arise from the globular structure. (This experiment is identical to that in Fig. 4 with the exception that the culture was fed only once with medium containing filterable factor; lack of daily change of the medium slows the development of myotubes.) Ultrastructural studies are being made on these cultures to confirm the microscopic observations that these Proc. Nat. Acad. Sci. USA 69 (1972) floe. 6 and 7. As in Fig. 1 myotubes are derived from the syncytial areas of these globules. The interpretation that these myotubular extensions arise from syncytial areas of these structures is supported by the observation that they appear within 24 hr, and that the extent of myotube formation was greater than that observed in cultures started with freshly liberated myoblasts and the purified embryo factors.
In the presence of filterable factor and insulin there is some myotube formation, as seen in Fig. 6 . Fig. 7 shows another area of the same culture. This particular preparation of filterable factor promoted the least amount of myotube formation observed in such preparations. Usually a greater degree of myotube formation is observed. The reason for this variability is unknown. Regardless of this variability, myoblasts cultured in the presence of both factors give rise to normal myotubes, as seen in Fig. 8 . Ultrastructure of the globular structures Initial electron microscopic examination of the globular structures suggested that they appeared to be syncytia. A more extensive ultrastructural analysis has revealed multinucleated cells with as many as 13 nuclei in a section. Mononuclear cellfs were also observed in these globular structures.
An example of a section of the multinucleated cells is shown, in Fig. 9 , where five nuclei may be clearly seen. Below the outer membrane, filamentous aggregates can be seen. These filamentous aggregates may be associated with the contractility observed in these structures. The Lash.
DISCUSSION
It has been known for some time that myotube formation results from the fusion of mononuclear cells, the so-called myoblasts. The observations presented here demonstrate that fusion of myoblasts and myotube formation are experimentally separable processes. Fusion can occur in the absence of myotube formation. In the presence of the factor that promotes fusion, the nonfilterable factor, globular structures develop that are in part syncytial. The addition of the filterable factor to these structures promotes the development of myotubes. It is possible that microtubules are involved in the development of the myotubular structure, since it has been reported that when myotubes are exposed to colcemid, microtubules break down and myotubes become "myosacs" (5) . Therefore, this factor may induce the formation of microtubules. These factors are not only necessary for myotube formation, they are also necessary for the myotube structure to be maintained, since culturing myotubes in the absence of these factors leads to their disintegration. At present nothing is known regarding the chemical nature of these factors. It is known, however, that the filterable factor is stable to boiling temperature for 5 min and is dialyzable. The nonfilterable factor appears to be protein-bound, since after digestion of the perchloric acidpgrecipitable protein with Pronase, this factor becomes dialyzable as well.
The requirement for exogenous factors present in embryo extract for these critical events to take place in vitro may be an artifact. For example, the myoblasts used may be capable of making these factors but release them to the surrounding medium because of an unfavorable population density in our cultures. Eagle and Piez showed that, at low densities, cells that are capable of synthesizing various amino acids, nevertheless, required them for growth to take place, whereas at high population densities, cells did not require the amino acids (8) .
The recent observations of Konigsberg are of interest in light of our own: he has recently reported that a "metabolic processing" of the culture medium by myoblasts is required for myotube formation to occur (9) . These results can also be interpreted in light of the results reported here, namely, that specific environmental factors present in embryo extract, are necessary for myotube formation.
The only case to our knowledge where embryo extract is not essential for myotube formation is that of a muscle tumor of mouse leg, reported by Nameroff et al. (10) . The only requirement for myogenesis to take place in vitro in this case is a chemically defined nutritive medium (e.g., Eagle's medium) with the addition of horse serum. In our experience with breast-muscle myoblasts of chick embryos, some myotube formation occurs with serum and Eagle's medium, and the extent, although slight compared to that obtained in the presence of embryo extract, varies with the particular preparation of serum used. These observations suggest that the factors involved may also be present in serum either at a much lower concentration than in embryo extract, or that chick-embryo myoblasts, in contrast to the tumor myoblasts, are less able to assimilate the factors from serum. It is also possible that the tumor myoblasts make these factors, but do not release them to the surrounding medium as suggested above. The observations described above on the effect of mixing chondrocytes and myoblasts in the presence of the fusion factor and insulin suggest a potential function of connective tissue elements in myogenesis. The contribution of the chondrocytes in the experiment described above may be an excretory product such as collagen, which has been shown to play a role in myogenesis in vitro (11) . Therefore, an experiment was performed with petri dishes coated with rat-tail collagen. Cells were plated in the presence of insulin and nonfilterable factor. Globular structures were formed that had the appearance of those shown in Figs. 2 and 3 . This experiment suggests that even though collagen is essential for myotube formation in vitro, the ingredients present in the filterable factor are also essential.
